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LIST OFSYMBOLS

A Im (_ara) normalized attenuation constant

B Re (m ) normalized phase constant
- _ra

Ca speed of sound in the air of the pores

ce effective speed of sound in the air of the pores (see Appendix)

c speed of compressional waves in the frame structures

c o speed of sound in air in free space

d mean diameter of a filament in fibrous structure

i

k ks/KaPoY, generalized structure factor

ks structure factor for air in the pores

1 depth of sample of finite size

p instanteous acoustic pressure in the air of the pores

P static acoustic pressure in the air of the poreso

Pa acoustic pressure amplitude in the air of the pores

Ps acoustic pressure amplitude in the porous frame structure

Q m p/@ , generalized acoustic quality factor

S mp+ i @ , generalized particle velocity coupling coefficient

Va acoustic particle velocity amplitude in the air of the pores

Vs acoustic particle velocity amplitude in the porous frame structure

Ya complex acoustic admittance of air in the pores

Ys complex acoustic admittance of the porous frame structure

Za complex acoustic impedance of the air in the pores

Zs complex acoustic impedance of the porous frame structure •



LIST OFSYMBOLS

attenuation constant

_a normal incidence intensity absorption coefficient

phase constant

instantaneous acoustic density ratio

¥ 1.4, ratio of the specific heats for air

F complexpropagationconstant

Fa complex propagation constant for sound waves in the air of the pores

Fs complexpropagationconstant for sound waves in the elastic frame

structure

Ka bulk modulus for air in the pores

Ks bulk modulus for elastic frame material

K generalized dilatational coupling coefficient

Pa apparent density of air in the pores at high frequencies

Pe effective density of air in the pores at all frequencies (see

Appendix)

Pei Po(ks - l)/_,effectivedensityin the inertialcouplingcoefficient

Pes effectivedensity of the frame structure

Po mean density of air in free space

Ps mean densityof the 11aterialof the frame structure

v coefficientof kinematicviscosityfor air

¢ specificflow resistanceof air in the pores

Ce dynamic resistance of the air in the pores (see Appendix)

o generalized elastic coupling coefficient

porosity of the frame structure

angularfrequencyof excitation



I. Introduction

Highly porous, fibrous materials play an important role in the

technology of sound control. Such materials are used in a wide variety

of forms and configurations for special purposes. Somefibrous materials

• such as glass fibers are synthetic and are spun together to form a flexible

blanket while others appear as open-cell elastic foams. Others consist

of natural fibers such as wool or hair felt. Most are available in a

range of porosities and densities. Natural surfaces such as ground cover

sometimes are modelled analytically, somewhat similar to fibrous bulk

materials. Frequently, the bulk material is covered by a facing to

prevent damage, provide mechanical support, and even change appearance.

Interest in this study is confined to acoustical properties of bulk

materials and how their physical parameters influence acoustical characteristics

such as normal incidence impedance and intensity absorption coefficient

at its surface. No attempt is made to optimize performance in a particular

application. In spite of the widespread application of both commerical and

natural fibrous materials and their importance in noise control very little

basic research has been conducted since the pioneering work of Scott (1) ,

Zwikker and Kosten (2)' Morse and Bolt (3), Beranek (4) and R. W. Morse (5)

to mention a few early workers. Their primary motivation was better under-

standing in applications to architectural acoustics.

In this report the properties of fibrous materials (blanket, foam, and

stiff tile) are formulated analytically on the basis of the theory of Zwikker

and Kosten (2) as applied to elastic frames. So, fundamentally, the equations
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of motion are not new. However, they are recast into a form that identifies

and hopefullyclarifiescertainaspectsof couplingbetween sound waves in

the air of the pore space and compressionalelasticwaves in the fibrous

frame structure. Analyticalsolutionsare then obtainedfor weak coupling,

which appearsto be most valid for highly porousmaterials,and an attempt

is made to specifythe minimum number of acousticalparametersrequiredto

characterizethe behavior,and to establishany apparent frequencylimitations

in the characterization.The ultimateobjectiveis to developdesign procedures

required in criticalapplicationssuch as flow duct acoustics.

The coupledmode theory of Zwikkerand Kosten sometimeshas been criticized

as being somewhatad-hoc and too complicated. While this may be true for

certainsimple applicationsit is not valid for criticaldesignwhere specific

impedancevalues are needed. One importantreason for studying coupledwave

motion in bulk elasticmaterialsis a better understandingof the behavior

of duct liner surfaces that may exhibitextended reaction. Flexiblefibrous

materialsthat exhibitweak couplingare not likely to be locallyreacting

especiallyif the sound speed in the air of thepore space is much different

from that of the sound speed of the incidentwave.

Severalexperimentalstudieswere carried out in an impedancetube to

establish propertiesof small samplesof a highly porous, fibrousmaterial

called Kevlar 29. One type had been studiedearlier and some of it bulk

propertieswere known(6) Kevlar 29 consistof long, very fine fibers,and

has excellentsound absorptivepropertiesin bulk form(7) There are two

types, one in which the fibers are layeredand the other in which the fibers are

woven to form a more dense and stifferblanket. These absorptivepropertieshave

been ascribed(7)to a very slow phase speed at low frequencieswhich leads to



short wavelengthsand more wavelengthsper unit depth of sample. The

attenuationat very low frequenciesis about 2_ nepers per wavelength.In this

report experimentalvalues of normal incidenceimpedanceand absorption

coefficientare comparedwith predictionsbased on decoupledwave motion.

The agreementwith theory is satisfactoryif the so-calledstructurefactor

(ratio of apparentdensityof air in the pores to the mean density of air

in free space) is adjusted to providea good fit to impedancedata.

A parametericprocedurewas establishedto providethat fit. Futurework

could concentrateon a characterizationbased on coupledwave motion if low

frequencyimpedancedata (below300 Hz) becomesavailable. The weak coupling

formulasare derived in this report.

A comprehensiveexperimentalstudy had been conductedearlieron the

acousticalpropertiesofa highly porous,open-cell,flexible,fibrous

foam called Scottfoam(8) This material also has excellentabsorptivepro-

pertiesand a comparableparametricstudy yieldedsatisfactoryresultsbased

on decoupledmotion. It turned out that an acousticalquality factor index

for Scottfoam was roughly twice that for Kevlarwhich makes it a very

efficientbulk absorber. Microscopicstudy revealedthat the filamentsin the cellu-

lar structurehave a mean diametercomparablewith that of Kevlar,see Table I.

In the sectionon parametricstudiesan initialattempt is made to relate

some of the material parametersin the theory of Zwikkerand Kosten to

parametersdevelopedby others notablyF1orse(5)and Hersh and Walker(7). Also,

in the appendix a new derivationof the equivalentdensityand dynamic

resistancefor porous materialsas first proposedby Beranek(4) is presented.

While not directlyrelevantto this paper it could have considerablerelevance

if futurework on the extended reactionof bulk materialsinduct liners is
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undertaken. It turns out that these more specializedtheories can b_

broughtinto agreementwith the theory of Zwikkerand Kostenby suitable

definitions.

In the following section a reformulation of the equations of motion
i

and resulting characteristic equation based on the thoery of Zwikker and

Kosten is presented and discussed. The notation is consistent with that used

in a modern textbook such as Morse and I ngard (9).

Use of commercial products or names of manufacturers in this report

does not constitute official endorsement of such products or manufacturers,

either expressed or implied, by the National Aeronautics and Space

Administration.



II. Analysis

A. CharacteristicEquation

. One of the importantquestionsraised in the introductionis deciding

whether or not sound waves in the pore space and elasticwaves in

the fibrousframe are coupled in any significantway. Roughly

speakingoneexpectsmaximum couplingto occur when the phase velocity of

sound waves in the air is equal to that of the longitudinalelasticwaves

in the frame. This coupling is both inertialand dissipationaland is caused by

differencesin the wave particle velocitieswhich must be accountedfor in

the balanceof forces. Also present is couplingdue to differentpressure

forceswhich act on the volume under considerationand producechanges

in volumewhich are expressedin terms of "elasticconstants"in the gas

and in the frame of fibers. This couplingmust be accountedfor

in the equationsof continuitywhich conservesthe total mass in a given

volume of material.The elasticconstant of the gas is fairlywell defined

but the elastic constantof the frame is not sowell definedand hence

not easily measureableeither. Usuallya static value is used(2'4) At

presentthis matter can only be resolvedby doing carefulmeasurementswith

the objectiveof resolvingany discrepanciesbetweenmeasured and predicted

values of thepropagation constants,surface impedance,and acoustical

absorptionpropertiesbased on decoupledmotion. Therefore,it is worthwhile

studyingwave couplingfor the case of flexible,highly porous materials

consistingof fine fibers and determiningwhat physicalpropertiesare

requiredto effectivelydecouple the motion especiallyin the lower ranges of

frequenciessay below 500 Hz. Since the air motion is viscous controlled

over a •fairlywide range of frequenciesfor such materialsit is not immediately

obviousas to exactlywhat requirementsmust be satisfied.



6

Thick samplesof porousmaterialsare homogeneousfor all practical

purposesand by consideringplane wave propagationin one given direction

the material may be consideredisotropic. However, some fibrousmaterials

are layeredcausingthe material to be anisotropic. Thus any angular
m

dependenceof either impedanceor absorptioncoefficientcould

not easily be inferred from either normal incidencemeasurementsor a

one-dimensionaltheory. Foam materialson the other hand, appear isotropic

with no preferredorientationof the intercommunicatingfilamentsand hence are

probablyeasier to analyzeand project results.

It was decidedto use the basic formulationdue to Zwikker and Kosten

asa starting point in the analysisbut to recast the notation in a more

familiar form and use definitionsas presentedin a modern text like

Morse and Ingard(9). Followinglinear theory the relationshipbetween the

changesin air density 6causedby acoustic pressuredisturbance p in the

pore space _s assumed to be of the form

6 = Po_aP (I)

where Po is the mean density of the air and Ka is the bulk modulus of

the air which,generally speaking, is frequency dependent. For very low

frequencies and very fine pores it is assumed to take onits isothermal value

I/Po where Po is the static pressure while at sufficiently high

frequencies it is assumed adiabatic, i.e. Ka = I/PoY where ¥ is

the ratio of specific heats for air. Initially no assumption about the value

of Ka will be made except that it is _reated as a real number. That matter can be

deferred to a parametric analysis, Section III.
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The Solid frame structure of the porous material is characterized in vacuum

by a bulk modulus KS and a mean mass density ps in a manner similar

to that of air. This type of elastic medium supports shear waves but

only internal coupling effects of compressional waves is important

fornormal incidence predictions. The dependence of Ks on frequency is not

known,generally speaking, for most fibrous porous materials including foams.

Initially no assumption about Ks will be made either.

Another parameter of great importance is the "apparent density" of the

air in the pores, Pa- Some fibers will move with the air as sound propagates

thereby increasing its apparent density. Also, the air particle motion is

constrained by the presence of constrictions and the apparent density is

increased when air is fomced to move through such constrictions. At sufficiently

high frequencies the density of the air in the pores is assumed to be given

by(2)

ks (2)Pa = Po _--

where ks is called a "structure factor" which supposedly accounts for

the increase in air density caused by constrictions and blind passages, and

is the porosity of the bulk material. Note, an increase in

density causedby motion of the fibers is not included in Pa •

That matter is accounted for in a different way, see appendix A. For most fibrous

" materials 1 < pa/Po < 4.5 . Usually ks is close to unity for fine

fibered, highly porous materials, the finer the fiber the lower the value

for a given porosity. Actually ks and _ must be interrelated but the

exact functional form is not important here. • •

Both internal inertial and frictional coupling can take place between the•air

motion and frame motion as mentioned above. 0nly internal coupling will be
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consideredeven though some wave couplingcan take place at both surfaces

if the material is of fiDite depth (2) Boundary value problemswill not

be formulateduntil specificapplicationsare considered....

For harmonic compressionalwaves of the form exp [-i(Fx - mt)] the

importantinertialfrictionalcouplingparameterin the theory of Zwikker

( ,
and Kosten 2) is here designatedas

S12 : m [ P°(ks - I)] + i@ : m Pei + i@ (3)

where Pei is a densityand @ is a specific flow resistance(raylsper unit

length). For most fibrousblanket materials ks _ 4. At low frequencies

where mPei << @ the internalcoupling is primarilyfrictional.

Also define an effectivedensityof the structuralframe Pes as

Pes Ps(l + ( ks- l)
2 Po (4)

where Ps is the densityof the bulk fibers. This definitionincorporates

(l - Q)/_2 even for porous materialsfor whichPei where Pei < < Ps

> 0.95 and ks _ 4 .

The ratio Pes/Pa is an importantparameterin the theory of internal

wave coupling. It is an index of the potentialfor appreciableacoustical

energy storage in the frame as compared to the air in the pores of the frame.

The flow resistance @ , Eq. 3, is not independentof either ks or

If the fibersare layered,a one-dimensionalwave model with propagationnormal

to the directionof the fibers suffices,provided@ is specified in the

same direction. Likewisefor propagationalong the fibers. No attemptwill

be made here to introduceanisotropyand derive a three-dimensionalwave
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equation.Propagationnormalto the fibercorrespondscloselyto some

applications. •

The propagationconstantF correspondingto one-dimensionalwave

" motion,will be complexnumber B + is whoseindividualpropertiesare

• important.

The dynamicalequationsof motionincludingthe forceequationand

equationsof continuityhavebeen reformulatedto reflectthesedefinitions

and alsoto identifyimportantcouplingparameters.(SeeAppendixB)

For the elasticframethe forceequationcan be expressedas

1 - R F Ps _ + i@] Vs + i@]Va (5a)T : [mPes - [mPei

By usingdefinitionsput forthby Kostenand Janssen_10jr _ the equation

ofcontinuitybecomes

_Ks (I - _) Ps = KII F Vs + _12 F Va (5b)

where

o c,_..--z'-- (I - Po_a)

and

The variables Ps and Pa are the complexacousticpressureamplitudes

in the framestructureand in the air,respectively,while V_ and Va are

complexparticlevelocityamplitudes.Thesevariablesare takenasaveraged

valuesoverareaslargecomparedto a "meanporesize". The preciseway that

averageis computedis not clear. _•.
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For the air in the pores the acoustic force equationcan be expressed.

as

r Pa = (_Pa+ i@) Va - R (mPei+ i@) Vs (6a)

while the equation of continuitybecomes

_<a_ Pa = K22 ? Va + K21 ? Vs (6b)

where K22 = l and

K21 z (I - _) (I - PoKa) .

Note,that the dilatationalcoupling parametersKi2 and K21 simplify

_ l but
somewhat if _a Po

Ell K22 - Kl2 K21 = l

regardlessof the thermodynamicprocessinvolved.Not furtherthat

Sll $22 - Sl2 S21 # I.

Equations5 and 6 are expressedmore convenientlyin matrix form below:

pressure velocity -
I

l - _ -Sl? 0 I 1 S12 - -
I
I Ps
I

0 £ I S21 - $22 Pa
I inertial & frictional : 0 "
l

-al I 0 l VsI KII F KI2 £
I (7)

I VaI
0 -_22 I K21 ? _22 ? _ "

I
elastic dilatational
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wherein additionthe parameters

Sll z _ (mPes + i¢)

$22 _ mPa + i¢

all m _s (l - Q)

a22 _ _Ka

and

S21 z _ (mPei + i¢) = _ Sl2.

I First note that both Eqs. 5 and 6 reduce to their proper forms

as either _ . 0 or _ . l . Second,the matrix of wave coefficient

in Eq. 7 has a certainsymmetrywith the inertial-frictionalterms in

the upper right hand corner, the elasticterms in the lower left hand corner,

and the dilatationalterms in the lower right hand corner. Notably,absent

in this formulationare any terms correspondingto elastic cross coupling,

i.e., al2 = a21 = 0 .

Observe,however, that the K'S do contain elasticconstantsand the

relativeimportanceof say Kl2 depends on both _ and the elasticratio

Ks/Ka . It also turns out that Ell = l for highly porous, bulk materials

and both Kl2 and K21 can be quite small comparedto unity,.infact

Kl2Z 0 if Ka.= I/Po . So all in all no significantelasticwave

coupling is presentin the theory of Zwikkerand Kosten. Note furtherthat

since Kll _22 - Kl2 K21 = l any dilatationalcouplingthat existsis
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reciprocal.

There will exist four values for the propagations constant F corresponding

to the coupled motion and waves travelling in both positive and negative x directions.

Many aspects of the solution for F have been discussed by Zwikker and

Kosten (2) and somewhat later by Beranek(4)-and McGrath (II) and their

interpretations will not be repeated here. By setting the determinant of

the matrix of Eq. 7 equal to 0 one obtains for the characteristic equation

_ +F4 - KII (;22 S22 + 1 - _ K22 (;II SII KI2 S21 (;22
(8)

S ] F2
+ I_ K21 12 (;II + I---T--_ K22 (;II (;22 (Sll S22 - SI2 S21) : 0

since KII K22 - KI2 K21 = 1 .

It is very tempting to drop cross-coupling terms like KI2 S21 (;22'

K21 SI2 (;II' and SI2 S21 in comparison with other terms, in which case

Eq. 8 factors and the waves types are completely decoupled. However,

not all of these terms are negligible in any given situation. It is still

instructive to establish a few criteria that facilitate approximate solutions

of Eq. 8 and identify the propagation constant for sound waves in the

air ?a and sound waves in the structure Fs when possible. For that purpose,

one need only consider wave propagation in the positive x - direction.

First, note that the inequality

(9)
Kl2.S21(;22+ l-'-'_-'_.F<21Sl2 (;ll < < K:ll$22 (;22+ l----:--_K22 Sll (;ll

is valid provided

\ /(.I - _12 _ [ Ka Qa + Qes]2 + [i ______l 2" < -- + KII\QKS,/] (10)(2 - PoK:a)(Qe + l) < Kll QKs
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where Qei _ mPei/@'Qa _ _Pa/@ , and Qes _mpes/@ are

convenientparametersfor analysis....

This inequality is valid for all highlyporous materialsregardlessof

the value of the elasticratio _Ks/Ka and at all frequenciesof interest

- in the audio range. Moreover,since Pes > > Pa for ks. _ 4 and

reasonablevalues for Ps , frequencyis no limitation. In the experiments

to be describedlater the value of the left hand side of the inequalityis

about 0.007 for PoKa=! and _ = 0.94 . The lowest value for Qes was 2.5.Y

Unfortunatel_there is no preciseinformationabout RKs/_for the materials

studiedbut the best judgementis that _KS/Ka > > l over most of the

frequencyrange of interest. The conclusion is that all of the cross-coupling

terms in the coefficientfor ?2 in Eq. 8 can be neglected.

The other requirementto be satisfiedin order to eliminatecross-coupling

entirely is that

Sl2 S21 < < Sll $22 (ll)

2
in Eq. 8. This inequalityreduces for Qei < < l to

1 < < (Qe2 + I) (Qa2 + l) (12)

which is more difficultto meet than Eq. 10 by orders ofmagnitude at
b

low frequencies,say below 300 Hz. The requirementis met in the experimental

- situationat frequenciesabove say 1200 Hz. The conclusion is that the

coupling_termsSl2 S21 in Eq. 8 cannot safely.beneglectedat all

frequenciesof interest. .....
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In order to obtain a solution to Eq. 8 valid over the entire ranqe

of frequencies of interest consider the requirement that

_ Sl ]2(S1 ) < < KII 522 022 + I-_-_ K22 1011 (13)4 1_----i---_ K22 O11 022 1 $22 - SI2 S21

2
Again, under the assumptions that Qei < <I and KII = 1 this inequality

is valid provided both

p6 {_Ks_ 2 {_Ks_ Ii Pas) (14a)Pes + \--_-a / > > \K-_--_ + _e

and

Pes \ Ka / Pes\Ka /

which can be met under certain conditions. There are two extreme conditions

in the relative values of the ratios _Ks/K a and Pes/Pa that will satisfy

both requirements. The first is the so-called "flexible blanket" frame

condition where

RKS > > 2 pa/Pes (15)
Ka

or Ca2/Cs2 > > .2 where Ca2 -= (PaKa_)-l .

and Cs2 _._2)-I(PesKs . Here ca is identifiedas the speed of sound in

the air of the pores and cs is the speed of compressional elastic waves in

the frame. Eq. 15 is easily satisfied for most highly porous flexible

blanket materials over wide ranges of frequency •
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The second extremeconditionis the so-called,'stiffframe" condition

where

Ka

-_s > > Pes/2Pa (16)

" Ca2/Cs2or < < 2 which probablyis a more difficultconditionto

satisfy over a wide range of frequencies. From equations2 and 4,

ks - l which for many porous materialsincludingPes _ Ps (I - Q) +
Pa Po Qks ks

flexibleblankets is a number much greater than unity. For one type of Kevlar 29,

the ratio Pes/Pa=40 based on a value of ks = 2.1 while for Scottfoam

Pes/Pa = 13 based on a value of ks = 2.1 and numericalvalues of

Ps for each material (see Table I). Itappears on the basis of measurements

by others,notablyBeranek(4), that commercialmaterialswhich are acoustically

stiff,at low frequencieslose that qualityat high frequencies,i.e. the

ratio QKs/Ka is highly frequencydependentfor some materialsnotably

stiff acoustical tiles orlboards.

SolutionsofEq. 8 are quite differentdependingrather critically

on choices for the stiffnessratio _S/_a and the density ratio

Pes /Pa . Again note that _ll contains _Ks/_a as a parameter

but unless _Ks/_a is extremelylarge say greaterthan 50 and _a is

adiabatic the value of Kll will remain close to unity. If Ka remains

isothermalat all frequenciesits value is unity.

It is not worthwhilespeculatingfurtherabout the relativevalues of

Ks and _a until more informationabout Ks for spun fiber and open-cellfoam

materialsis available. It is doubtfulthat static values of Ks will suffice and at

best would provide a bound on _S/Ka _...No concertedeffort to find

dynamicvalues of Ks for highly porous,acousticalmaterialshas been made



16

to-date. Also, such information is notprovided by the manufacturers of

acoustical materials on a routine basis. Instead, it will be assumed

that the conditions of Eq. 13 obtain and then proceed to find

approximate solutions for F .

B. Propagation Parameters

If the conditions of Eq. 13 are satisfied then the two solutions

to Eq. 8 can be expressed as

F2 _ a _ (SII $22 - S12 $21) (17a)

- = K22 l -_ II 22 Kil _22 $22 + l_--_22Q °ll Sll

and

2 + _ S1 _ F2?+ = Ell a22 S22 K22 1 - _ °ii 1 -- • (17b)

At this point one cannot identifywhether F is associatedprimarily

with wave motion in the elastic frame or sound waves in the air pores and

likewise for F+ , However, if the conditionsof either Eqs. 15 or 16

are imposed then the identificationis readilymade by comparisonwith

exact solutionsfor decoupledmotion.

It is convenientto rewriteEq. 17a in the form

i i___) Qei2 2-
2 2 (l +_ees) (l + Qa QaQes (l + i)Qei

F_ ~ _llCs2 i Ca2 i

ElICs2 Q_s

Also, Eq. 17b becomes

_____ 2 i F2
2 2 t_a'i _ (I+ ) - _ .
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2 2
If conditions of Eq 15 are satisfied then ca > > cs and _.

I_ : Fa - m l + + (20)

- Ca2 QaQes 1 + i "

o on the assumptionthat -Qei2 < < I. Likewise,

F+ = Fs ~ m 1 + - 2. i (21)
Cs2 ca QaQes 1 +

Note, in the completely decoupled case that the sound waves in the

.pore space have a propagation constant

ra2 - _ l + (22)

and the elastic waves in the structure have

rs Cs2 + . (23)Qes

Thus, for the flexibleblanketwhere Ca2 > > Cs2 , Fa is

identifiedwith ?__ and Fs is identifiedwith F+ .

The most importanteffects of wave coupling are identifiedby examining

equations20 and 21 and noting that the effectivewave speeds and internal

- dampingare modifiedby terms that involvethe product QesQa. (SeeAppendixA

2 -_l the last two
for a more preciseanalysis.)Since Ca2 >> cs and Ell

terms in Eq. 21 usuallyare droppedand the expressionfor Fs simpTifies
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to the decoupled case. Also, Eq'. 20, can be expressed in terms of Qes and

Pes/Pa as

I I£a2 = _2 1 + 1 + i Pes Qes (24)
Ca2 Qes2+ 1 \ _ Qes2 + 1

which is a convenient form for parametic analysis and numerical computations

if coupled motion is important.

All of the parameters in Eq. 24 are presumed known or can be otained

from independent measurements. Values of @ for Kevlar 29 and Scottfoam

are available (6'7'8). However, values of k are more difficult to establish
S

and ca , Pes/Pa and Qes are dependent on that value. It is a very

important parameter to establish in the theory of Zwikker and Kosten. No

assumption about the value of Ka has been made except that it has been

treated as a real number. It is pure real at either very low or very high

frequencies but at intermediate values it is a complex number. In the

parametric analysis it will be presumed known at high frequencies, either

adiabatic or isothermal. It is expected that if there is appreciable mechanical

damping in the fibers of the frame that Ks also will be a complex number.

Fortunately, in the parameteric analysis a precise value did not have to be

established.

The "stiff frame" conditions of equation 16 is interesting and useful for

better understanding of porous acoustical materials. If <a/_Ks > > 2 Pes/Pa ,
2 2

say greater than 50, then cs >'> ca and this theory predicts that

[_ --_es) Qei2 I(l __--ai2]+

£_2 = £s ~ + /
CS_ QaQes 1 +K l 1
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and

2 r2 <I 1_ i _ i

= - ----2 Qes Qa (I + ir+ a Ca2 (I + _ )ea Cs Eli Q-_ ) (26) _

(l - Ell) (I + )
. where now Eli i_ 1 unless Ea = I/P o . Again, the expression

for ?a can be simplified by dropping the last two terms which is fairly

Ea > > 2Pes/Pa . Then ra 2 reduces to thatgood approximation if _Es

for decoupled motion with slight modifications in that Eli # 1 .

Note, also that the roles of T and ?+ have interchanged from

that of the "flexible" porous blanket. In effect, there is a switching

regime due to internal wave coupling which is most likely a frequency dependent

phenomenon. Just haw and where this switching occurs depends on the detailed

behavior of RES/Ka .

On the basis of experimental information now available it appears that
Ea

the inequality _--_-> >Pes/2Pa obtains for rigid board type materials at low
s 2

frequencies i.e. Qes < < ! • At high frequencies it does not seem tomatter

whether the porous material is rigid or not and the wavesdecouple in any event'

Predictions are then fairly readily made and there is good agreement among

various workers. Delany and Bagley (12) have noted this and characterized a

wide range of fibrous absorbent materials on the basis of a single parameter

such as m/@ . They used various grades of glass fibers and mineral wool

materialsand found an excellentempiricalfit over a range of frequencies

from 250 to 4000 Hz which includes the range used in the this study. However,

at sufficientlylow frequenciesthere is appreciablewave interactionand it

is doubtful that such a simple characterizationis possible. This is undoubtedly .

the case where the structurefactor ks is greater than 4. :
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Zwikkerand Kosten(2) have discussedsome of these matters in detail and

conclude that the frequencyabove which coupling forces are likely to be in-

significantis given by

1 [ Po (ks - l) ]

+ = @ (27)

where mI is designated as a decoupling frequency. For Kevlar 29 using ks = 3

this frequency is about 130 Hz which is well below the lowest frequency used,

namely 300 Hz. For Scottfoam it is about 85 Hz for ks = 2 .
2

It should be noted that for conditions where Qes > > 1 , both the

"stiff frame" and the "flexible blanket" approximations yield identical results,

i.e., Eq. 26 becomes identical with Eq. 20. However, at lower frequencies,

say Qes < 3 there is considerable discrepancy, see Figures 1 and 2.

Experimental facilities were not available to check the low range of

frequencies (below 300 Hz) directly for either Kevlar or Scottfoam.

Shown in Figure 1 is a plot of the normalized propagation constant

Ca/mFa = B + i A as a function of Qes based on Eq. 24 for

Pes/Pa = 38 • Also shown for comparison purposes are results predicted

byEq. 22 based on completely decoupled motion. Note, _the large

discrepancies for the range Qes < 4 especially in the attenuation component.

On this basis any analysis based on decoupled wave motion will overpredict the

attenuation and underpredict the phase shift primarily at low frequencies. It

also should be noted that the greater the ratio Pes/Pa the more sensitive the

motion is to internal wave coupling. Further, it should be noted that the real

and imaginary part of ?a at a given frequency are not in general equal unless

the waves are decoupled and Qes is low, say less than 4. In particular,

A and B are not equal for large Qes " This judgement is based on the
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assumptionthat Pes/Pa. >o I0.

In closing this discussionit is interestingand useful to point

out that the generalresultsare compatiblewith earlierwork by Beranek(4)

except that he employed some differentdefinitions. He studiedthe

propertiesof both "flexibleblanket" and"rigidtile"andexpressedhis

results in terms of an "effectivedensity" Pe which is differentfrom

Pa and a dynamicresistancehere called @e " This matter is discussedin

the appendix. The two analyses are brought into better quantitative

agreementif pe_ becomes <pl> in Beranek'swork. The qualitativeresults

are for all intentsand purposesthe same.

In the followingsectionthe acousticalimpedanceand sound absorption

coefficientrelationshipsfor bulk materialswill be discussedbriefly.
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III. Impedanceand AbsorptionRelationships

The utilizationof the coupledequationsof motion to predict acoustical

impeddnceof absorptivemate_'ialshas been discussedby Zwikkerand Kosten(2),

Kosten and Janssen(lO) and Beranek(4) in great detail. Generallyspeaking

the analysesare very complex and difficultto follow in detail. Here, an

approximatemethod is employedwhich yields good results in the "weak

coupling"cases. In such cases the couplingterms in the dynamicalequations

of motion are dropped completelyand the impedancefor the sound waves in

the air of the pores becomes

_Pa + i@

Za - ra (28)

on the basis of Eq. 6a and for waves in the elasticframe

_2 ropes+ i@

Zs --(l - _) Fs (29)

on the basis of Eq. 5a.

Anyeffectsof wave coupling then enter only throughthe modified values

of ?a and Fs '

Accordingto Kostenand Janssen(!O) this can be done quite rigorously

when the frame is either very flexible or very stiff by very careful

approximations. But, apparentlythis procedurecannot be followed in

2 2 Thus, if the conditionimposedintermediatesituationswhere ca = cs .

is either Ca2 > > Cs2 or Ca2 << Cs2 then Eqs. 28 and 29 can
be

employedto determinethe impedances.

Here it will be assumedthat the "flexibleblanket"conditionobtains,

Eq. 15, and one predictsthat



23

(I + i/Qa )

Za= PaCe [ (Pes-_II + -- + i(Pes_ Qes2 I I/2 ..(30)\Pa / (Qes2 + I) \Pa / Qes +

. _nd

(I + i/Qes) (31)

Zs :--PsCs i /Cs2_ 1 1 (Ell - 1 +
kCa-_) QaQes (1 + i(Qes) kCa-_)

The form of Eq. 31 is not particularly useful since we do not

have informationabout the ratio Cs2/Ca2 . So usually Cs2/Ca2 is

taken smallcomparedwith unity for flexibleblanketsand then for reasonable

values of Qes and Qa the last two terms in the denominatorof Eq. 31 are

dropped.

The total surface admittanceof a sample of bulk porous material is

Y = Ys.+ Ya where the area weightinghas been taken into account.

Since PsCs > > PaCa one can establishthat {YsJ < < JYal and

the admittanceof the sample is that due to the air motion alone.

Obviouslythere are restrictionson both L_S/Ka' and

Pes/Pa for this to be the case. The approximation presents a great

simplificationand itusually is made in most applicationsof porous

materialsand in other applicationslike predictingthe influenceof

ground on the absorptionand reflectionof sound.

Then the normalizedimpedanceof the surfaceof a bulk material becomes



24

Pa (32)

\ Pa Qes2+ l Qes2 + l

where co is the adiabaticspeed of sound and the parameter k = ks/KaPoY .

First, one notes that in generalquite a large number of parametersare

requiredto characterizethe impedancepropertiesof the porous material.

At least four standout explicitly,namely k, _, Pes/Pa, and Qes "

Recall that Pes/Pa Ps (l - _) + ks - l =- Po ks Es " Also Qes _ Pes/@

requiringknowledgeof the specific flow resistance@ . This is a larger

number of parametersthan usuallyemployed.

The structuralfactor ks enters into all of the parametersnamely

k, _s/_ and Qes" However,if wave couplingis neglectedthen Eq. 32

simplifiesand can be expressedas

Za Ra _ i Xa_a_=_" (l + il) I/2 (33)

PoCo PoCo PoCo _ Qa

where Qa = mPa/6 = mPo(ks/Q@)-

Now ks enters into only two parameters,k and Qa" The high frequency

asymptotein both Eqs. 32 and 33 is I/'k/Q If Ka is known

at high frequenciesthen ks can be establisheduniquely,in principle.

The normal incidencesound absorptioncoefficientma can be expressed

in terms of the surface impedanceand becomes for highly porous bulk samples

namely 4 (Ra/PoCo)

= (34)a

(I + Ra/PoCo)2 + (Xa/PoCo)2

Generallyspeakingma requiresas many parametersas Za in order to

describe it behavior.
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If normal impedancemeasurementsare made on samples of porous material

of finite depth _ backed by a plate that presentsan acoustic impedance

• large compared to PaCa then the impedanceof the surface is modified

to read

o Zin Rin Xin Za

- i - coth_iFa_) (35)poCo• PoCo poCo poCo

where ra = Ba + i _a For computationalpurposesEq. 35 can be

expressedas

Rin _ (Ra/PoCo) sinh (_a_) cosh(_a_) + (Xa/PoCo)sin(Ba_) coS(Ba_)

PoCo (36a).
cosh2 (_a_) - cos2 (Ba_)

and

Xin (Xa/PoCo) sinh (_a_) cosh (_a_.)- (Ra/PoCo)sin (Ba_) coS(_a_)
- (36b)

PoCo

cosh2 (_aJ_)-cos 2 (Bah)

If, at a given frequency_a_ is taken so large that tanh (_a&) _ 0.99_

which obtains for _a_ _ 3.6, then for all practicalpurposes

Ra = Rin and Xa = Xin . This conditionwas met or exceeded for the

range of frequenciesused in this study.

A representativeplot of Ra/PoCo and Xa/PoCo for Kevlar 29

is shown in Figures2a and 2b, respectively.Again note, the range of Qes

for which the decoupledwave approximationis valid.

In the followingsection a method for establishingthe value for the

structureconstantks is presented. Also, a brief summary of some previous

work endeavoringto relate¢, ks and_ will be given.
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IV. Parametric Studies

While there are a number of ways of describing the impedance and

absorptive properties of bulk porous material one would prefer to employ

as few parameters as possible. In particular it is advantageous to

characterize both the real and imaginary part of the impedance so as to

be able to predict just what physical properties essentially control their

behavior. One then could select optimum values for all parameters in

order to achieve a desired impedance or absorptive characteristic, if possible.

Also there are hidden parameters such as temperature to which the impedance

and absorption could be sensitive.

Someattempts have been made to characterize the impedance properties

of fibrous absorbent materials by a single parametric ratio such as _/@

This may be possible if the structural characteristics of the candidate

materials all have about the same _-k/_ values.

The impedance of a bulk sample of a porous flexible material is given

in Eqs. 32 and 33 where the high frequency resistance is

a % (38)

In the theory of Zwikker and Kosten Pa/Po = ks/_ and Ka is assumed

known at high frequencies.

Someworkers prefer to let Pa/Po = m where m also is interpreted

as a structure factor.

Then V_ =_
(39)
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_ 1 and ka : m if Ka 1
where ka = m if Ka Poy Y - Po " In most
characterizationsm is interpretedas a functionof the porosity alone.

Note also that the speed of sound in the air of the pores

2 1 l Co2/_s
" Ca : _a PaR

2 l
where co - - is the speed of sound in the air of the pores if the

KaPo

air motion is unrestricted. However,there appearsto be no immediate

advantagein characterizingbehaviorof the material by simply redefining

pa/p° so the definitionin Eq. 2 is retained.

It issurmised that the parameters @ , R and ks are interrelated

but the question as to how probably cannot be settledas a purely empirical

basis. In the theory of Zwikkerand Kosten,the specificflow resistance # is

independentof frequencyin the audio range. A precisedefinitionof low

and high frequencybehavior is not availablefor most materialsbut it

appearsfor highly porous,fibrousmaterialsincludingopen cell foamsthat

the acoustic Reynoldsnumber md2/_ must be less than unity in order for

to be independentof frequency. Here d is a mean diameterof the fibrous

filamentand _ is the coefficientof kinematicviscosityfor air surroundingthe

•fibers. The averagespacingbetween fibers must be sufficientlygreat so

that there is no interactionbetweenfibers. If the open-cellfoam consists

of solid filamen_of mean diameter d with a mean separation D>>d, then

" it is likely to have a comparableindex(13).

" On the basis of experimentaldata availableit appearsthat # for Kevlar 29

and Scottfoamis constant in the frequencyrangebelow 3000 Hz. However,at

high frequencies,where md2/_ > l,it appearson a theoreticalbasis employing

simple acoustic boundarylayer theory that @ should vary as _ .

R. W. Morse(5) has predictedfor acousticwave propagationin porous media
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modelled as ensembles of small tubes that

R@ _Po/d 2 md2/v < < 1 (40a)
ks _

and

2£/TToI
ks _ v d ' md2/v > > 1 (40b)

where d is the diameter of the tubes and P = Po _

The constant of proportionality in Eq. 40 is important and likely to

vary from one material to another. More recently Hersh and Walker (7) have

shown in the basis of a one-dimensional layered Fiber model for Kevlar 29

that

_¢ _ (_Po/d 2) [I + K V4(I _- _)l (41)

ks K[4(I _)1 3/2

where K = .059 is an empirical constant. In their work it does not appear

possible to isolate ¢ , _ , and ks This representation then agrees fairly

well with their data over the frequency range I00 to 2000 Hz. It is interesting

to note that the theory of Zwikker and Kosten can be brought into substantial

agreement with the work of others by such an identification but generally

there is an empirical constant to fit. In the parametric work of this

paper values for @ and _ were considered known and a single parameter. _s

selected to provide a fit of the data over the entire frequency range.
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In orderto establisha valuefor ks parametricplotsof Eq. 33 based

on decoupledmotion were madeemployingQa as a variableand _/_ as

a parameter.InitiallyKa was selectedto be adiabaticand Vr_

determinedfromthe highfrequencyasymptote.That providedan initial

estimateof ks . Then Qa valueswere calculatedand the dataplotted

againstthe parametricplots. A new valuefor_r_/_ was thenestablished

on the basisof comparisonsof the Ra/PoCo, Xa/PoCo and _a data

with the predictions.This provideda correctionto the ks value. Itwas

not possibleto choosea singlevaluefor ks that fitboth the highfrequency

and low frequencydata for all typesof materials.One reasonmay be that Ka

variesfromits isothermalto adiabaticvalueas frequencyincreases. The

mostsatisfactoryfit to the low @ Kevlarand Scottfoamdata,especially

the reactivecomponentof impedance,was obtainedby selecting Ka to be

isothermalat all frequenciesand thenslightlyadjustingksto fit the low

frequencydata. This procedurealsois the mostsatisfactoryfor fitting

soundabsorptiondata,Fig.12. The fit to the resistivecomponentat all

frequenciesis thennot so goodas desired. Anotherreasonmaybe wavecoupling

at the lowerfrequenciesthatinvalidatesthe parametricprocedure.There

are somenoticeabledifferencesbetweenKevlarand Scottfoamin this respect.

Noattemptwas made to alterthe valuesof @ and R in the procedure,only ks .

The parametric-:curvesbasedon Eq.33 are shownin Figs.3, 4, and 5. The

rangeof parameters0.9 <_/k/_2< 2 was preselectedbecausemost highly

porousfibrousmaterialswouldfallin thisrange. Some fibrousmaterials

havinglargevaluesof ks and low valuesof R may falloutsidebut are

notlikelycandidatesfor mostnoisecontro!applications.Itmaybe possible

to developmaterialsforwhichI/k/R< l which is highlydesirableat
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low frequencies,but they would requirelow values of ks and high values of_ .

It is doubtful,in any event, that¢'_/_ would ever be less than I/Y½ =
.845

for air. Also if one were interestedin predictingthe absorptive

propertiesof porous ground cover perhapsa differentset of_rk/_ values

would have to be considered.

Finally,parametriccurves based on coupledwave motion could be

plottedagainstQes in other applicationsespeciallythese involvingextremely

low frequencies,say Qes < 2 or 3. Such parametriccurvesmight be

more useful for engineeringdesign where specificvalues for either

Ra/PoCo or Xa/PoCo (or both) are desiredfrom a bulk absorbent

material. No attempthas been made to fit the measureddata to a parametric

set of curves based on Eq. (32) as of this data. Parametriccurves should

be developedfor coupled, Eq. (32_ as well as decoupled,Eq. (33), wave motion.

Resultsbased on the parametricstudiesare presentedin Table I.

In the followingsectionsthe experimentalresultswill be presented

togetherwith a discussionbased on comparisonswith decoupledwave motion.
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V. ExperimentalResultsand Discussions

An experimentalprogramwas undertakenin orderto determinethe

impedanceand absorptivepropertiesof two typesof Kevlar29 thatwere

available.One typeis a lightweightblanketthat appearsto have a

layeredstructurethatcan be easilyseparated.The othertypeis a more

denseblanketthatappearsto have a wovenstructureand cannotbe separated.

The fibersappearto be the same in both types. The acousticalproperties

of the two typesare quitedifferent,the lightweightblankethas a

comparativelylow valueof flowresistancewhilethedense blankethas

a highervalueof @, see Table•I. Valuesof @..forKevlarhad been

establishedearlierby Smithand Parrott(6) and Hershand Walker(7).

Alsoavailablewere Samplesof an open-cellfoammaterialcalled

Scottfoam.Its propagationand impedancepropertieshad been studiedand

were availablefor comparisonpurposes(8). No detailedcomparisonsand

discussionof propagationcontainsforeitherKevlaror Scottfoamwill be

presentedin this report. It did turnout thatthe theoryof Zwikker

and Kostenoverpredictsthe attenuationand underpredictsthephaseconstant

slightlyin the frequencyrange300 to 3000Hzfor high @ Kevlar29 basedon the

parametervaluespresentedin TableI. Experilmentalval.uesof attenuation

were usedto determinethe requireddepthof samplebasedon Eq. 36. The

requireddepthofsample for Kevlar29 was 12 cm whilethatusedfor Scottfoam

was 25 cm.

No detaileddescriptionof the experimentalapparatusand techniques

employed willbe presentedhere. All impedanceand absorptionmeasurements

weremadein a conventionalimpedancetube having.aninsidediameterof 5.72cm.

The sampleswere heldsecurelyin a specialtubeandfacedwitha highly

porousscreenat one end and a rigidimperviousplugatthe other. The

techniqueemployedplanewavesto measurethestandingwave ratioand positions
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of the first minimum in the acoustic pressure standing wave patterns. The

sound pressure level at the face of the sample was detected by a reference

microphone and held constant. The standing wave detector was controlled

by a dedicated digital computer which greatly facilitated the gathering of

data and subsequent data reduction.

The measured values of normalized acoustical impedance and normal

incidence absorption coefficient are shown in Figs. 6-12. The trends and

levels are clearly established for the three specimens tested. The data

were highly repeatable and followed typical patterns for porous, flexible

blanket type materials. Somedifficulties in holding the dense Kevlar discs

were encountered but were overcomeby compressing the samples slightly.

This did have the effect of raising the high frequency asymptote k_ from

about 1.5 to 1.9 and corresponding reducing the absorption coefficients

at all frequencies.

The parametric study established the values for the structure factor

ks shown in Table I. Other physical parameters used in the computations

are included in the table for comparison purposes. The value of _ for the

light weight blanket Kevlar was computed from the data of Hersh and Walker,

namely 46.4 cgs rayls. Their force equation neglects inertial wave coupling

entirely by setting ks=l. They then proceed to develop Eq. 41 where their

structural parameter K = 0.059 . If one then identifies _Q/k s with their

parameter o the computed value is obtained. It is believed that the two

formulations are self-cosistent if this identification is made. When preparing

samples of the low _ Kevlar the porosity Q was preselected as 0.94 to match

the high @ Kevlar and then the required amount of material was packed into the

_s@ecimenholderto-a._th.of 12 cm.
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The Scottfoam sample is an open-cell foam that under comparative

examination with Kevlar has a fiber diameter about 1.667 times as great.

If the published value of d = 1.3 x I0- 3 cm for Kevlar 29 is correct then

d for the Scottfoam is about 2.1 x 10-3 cm. This value for d then

correlates very well with a measured value of@ = 18 cgs rayls.

The characteristics of Ra/PoCo, Xa/PoCo and _a were then computed

using Eq. 33 and the values of the parameters in Table I. No further

adjustments in any of the parameters were made and the results of these

computations are plotted together with experimental data in Figs. 6-12. The

predictions of Xa/PoCo agree very well with measured values for all

samples. There are, however, some discrepancies in the predicted values of

Ra/PoCo especially at low frequences. The exact reason for this

discrepancy which seems to be outside the range of experimental error is

unknown as of this date. However, it was decided not to adjust ks to provide

a better fit to Ra/PoCo until a parametric study based on coupled wave

motion is undertaken and completed.

Predicted values of absorption coefficient _a are sensitive to small

changes in Xa/PoCo and provide another index for comparison purposes. The

agreement between theoretical values and experiment is excellent • for both

the low @ Kevlar and Scottfoam over a wide range of frequencies. The low

@ Kevlar characteristicsdo depart in an intermediatefrequencyrange providing

some evidence that the sampleswere vibratingand absorbingenergy.

Of special interestare the impedanceand absorptioncharacteristicsof

the high @ Kevlar,especiallythe largervalue of ks requiredto

providesatisfactoryagreement. This resultwas not entirelyunexpected

since the value of @ is higher also. Note, that @.and k are directlyS
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proportional on the basis of theory of Morse, Eq. 40. Moreover, Morse(5)

predicted that the structure factor ks will have a value of about 3 if the

fibers are randomly oriented. He also reported values fork s between 2 and 3.4

on the basis of measurements in granular porous media.

The other conclusion based on the parametric studies was that the thermo-

dynamic process is essentially adiabatic at high frequencies for the high

Kevlar. Selecting an isothermal value for Ka , while providing a better
V

fit to the Ra/PoCo data, did not agree well with the ^a/PoCo data

being much too high, and correspondingly produced values of _a that

were much too low especially at high frequencies. It is concluded that the

thermal process changed with frequency and a frequency dependent value for

Ka is required to provide a better fit of the data. It can be remarked

with confidence that the two types of Kevlar behave quite differently both

with regard to impedance and absorption. This matter would require more

theoretical study based on very careful thermodynamic and structural

considerations to provide a better rationale for the differences noted. Note,

that both types had the same porosity.

On the other hand, the low _ Kevlar and Scottfoam samples do behave

surprising alike in spite of quite different mechanical structure. The

Scottfoam has a much lower ¢, a lower material density Ps ' and a lower

structural to air density ratio Pes/Pa. However, the Qa of Scottfoam is

roughly twice that of Kevlar for the same value of.k s . This fact makes it

a more efficient absorber at low frequencies even though _T_ is the

same. In Fig. 12 the frequency range for Scottfoam is 500 to 3500 Hz while

that for Kevlar is 300 to 3000 Hz.

When plotted versus Qa the data of low @ Kevlar and Scottfoam
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collapseto the sameparametriccurve. This is shownquiteconvincingly

in theabsorptioncharacteristics,Fig. 12. The high @ Kevlardata,on

the otherhand,followa higher_/R parametericcurveand displaya

" correspondinglylower _ characteristic.The ratioisjustl.9to 1.3. Alla

. of the absorptiondata couldbe collapsedwhen normalizedwith respect

to thisratio.

It is becomingcommonpracticeto plotabsorptiondataversusa

parametersuch as Qa(12,14). The valuesof Qa are thenvariedby

changingfrequencysince @, ks, and _ are regardedas constants.The

parameterQa canbe interpretedas an energyratio,namelyof 2_ timesthe

maximumstoredacousticenergyper unitvolumeof materialto the energy

dissipatedper unitof timeper unitof volume. Thus,it is veryconvenient

parameterfroman energyviewpoint.It alsocan be expressedas

= (Paca) (42)
Qa _Pa@ = 27 \___

where PaCa is the acoustic impedanceof the Sample neglectingdissipation

and haiS the acousticwavelengthwithin the material. Other interpretations

may be possible. Therefore, it was decidedto plot all data and make

comparisonsemploying Qa as a frequencyvariable.

a
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VI. Summaryand Recommendations

A. Results

(I) A theoreticalformulationof acousticwave propagationin porous

elasticstructuresdue to Zwikker and Kosten has been recast into a form

that makes identificationof various couplingparametersnotably inertial,

frictional,elastic,and dilatationalmore evident,see Eq. 7.

(2) Conditionsunder which the compressionalelasticwave in the frame

decouplesfrom the acousticwave in the air of the fibrouspores have been

carefullyexamined. Weak coupling solutionshave been formulatedand

expressedin terms of a frame structurequalityfactor Qes which provides

a convenientindex, see Figs. l and 2.

(3) A density ratio Pes/Pa has been definedwhich plays an important

role in the theoryof wave coupling. The lower the valuesof this ratio the

less susceptablethe air acousticwave is to the influenceof energy storage

in the elasticwave and vice versa. This ratio in conjunctionwith the stiffness

ratio _Ks/_a controls the nature of the wave coupling,see Eqs. 15 and 16.

(4) A new derivationof the expressionsfor equivalentdensity Pe and

dynamic resistancefor porous materials @e has been developed. An equivalent

quality factor Qe also has been defined. This formulationcould be used for a

parametricanalysisof materialswhere wave couplingis involved(see AppendixA.)

(5) Parametric curvesfor impedanceand absorptioncoefficientbased on

decoupledwave motion have been preparedwhich facilitateidentificationof

the structurefactor ks for flexiblebulk porous materials,see Figs. 3, 4, and 5.
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(6) Experimental characteristics of normal impedance and absorption :

coefficient in the frequency range 300 to 3000 Hz have been established

for two types of Kevlar 2@porous blanket, see Table I,

. (7) Acoustic parameters based on the theory of Zwikker and Kosten for

Kevlar and Scottfoam have been established, see Table I.

(8) Agreement between measured and predicted values of impedance and

absorption ceofficient based on bulk properties is satisfactory. The wave

motionwas assumed to be decoupled but it appears that some coupling

effects are in evidence, see Figs. 6-12.

B. Recommendations

(I) No concerted effort to refine the characterization of porous, flexible

blankets for critical applications has been made. That might involve preparing

a set of parametric curves and procedures based on coupled wave motion. If

Kevlar or Scottfoam or any other porous, flexible blanket type material becomes

a candidate material for duct liners then such an effort may be warranted. This

also may be an essential procedure if effects of extended wave reaction on

impedance of porous, bulk duct liners is to be understood and predicted.

(2) If angle of incidence effects on impedance and absorption of duct

liners or other porous materials are to be fully predicted then a comprehensive

theory based on a three-dimensional wave model is required. Once the essential

parameters have been established then wave coupling can be introduced and its

effect on the surface characteristics predicted probably via numerical analysis.
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(3) Effectsof finite sample size are notiincludedin the theory of

Zwikkerand Kostenas applied to the testingof bulk materials in an impedance

tube. Therefore,measured values of impedanceand absorptioncan differ in

detail from predictedvalues even if the acousticparametersare essentially

correct. Such discrepancieshave been noted in work by others(15) and

similardiscrepanciesalso were found here for some samples. For example,

if the samplesof high @ Kevlar are not mounted firmly in the holder and

held by compressionalforces they will vibrateand resonateat particular

frequenciesby virtueof their finite diameter. This is evidencedby extreme

changes in impedanceover fairly narrow frequencyrangeswhich are not

predictedby theory in detail. Even with precautions,samples of Kevlar

exhibitedsome irregularbehavioras noted in experimentalvalues,see Figs. 8,

9, and 12.

(4) The elasticbulkmodulus Ks mustbe carefullydefinedand measureable

if accurateinformationaboutwave speeds,wave couplingaction,and extended

reactioneffectsin porousmaterialsis required.Gooddefinitions,methodsof

predictionand measurementsof all parametersis a goalworthyof further

study.

(5) The theory of Zwikkerand Kosten can be used to characterizethe

acousticalimpedanceof porous ground. If characterizedproperlysuch

informationcould be used to predict "excess"attenuationof sound attributed

to absorptionand reflectionin applicationssuch as aircraftfly-over noise,

freewaytrafficnoise, the certificationof noisesources, industrialplant

site noise, and a host of other conlnunitynoise predictionmethods. This
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effortmightrequirebothan extensiveexperimentalas well as theoretical

studytoestablishthe appropriatecharacterization.
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APPENDIXA

CONCEPTSOF EQUIVALENTDENSITYAND DYNAMICRESISTANCEFORPOROUSMATERIALS

The purpose of this work is to derive expressions for the equivalent

density Peand the dynamic resistance Ce applicable to flexible, highly porous

blankets and rigid, highly porous tile. These are extreme cases that can be

handled on the basis of the analysis of Zwikker and Kosten.

The proper procedure is to examineexpressions for the wave propagation

constant £ in cases where wave coupling is Significant and then endeavor to

express it in the form

= I+i A-IFe mPe

2 (KaPe f_)-Iwhich is valid for decoupledmotion where ce =

In order to do this in a systemmaticway one invokesthe inequality

S < < K1 + _ aI S1KI2 S21 a22 + 1 - _ K21 12 all• Ia22 S22 1 - f2 K22 1 1 A-2

which easily holds for highly porous materials, i.e. _ 0.9, having a structure

constant ks _< 4 for all frequencies of interest, see Eq. 13. Also,

the value of the stiffness ratio RKs/Ka is not critical here so that A-2

is valid for both extremes namely _KS/Ka >> 1 and _Ks/Ka ,<< 1

By writing the expression for F , Eq. II, in the form

• I'e4- b Fe2 + c = 0 A-3

one finds after invokingA-2 that - _ , •

b = _ K11 + Ks__aa + i 1 + Ksa 1 A-4
Ca Tsa Tsa Qes
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where

Ksa- RKS/Ka

Tsa--pa/Pes

and
)-I2__ (Ka _Pac a

Alsoone findsthat

2_3o21 I A__c = _ Ks Ka (Qes + i) (Qa + i) - (Qei + i)2

wherethe Q's havebeen definedin the text.

On the assumptionthat Qei2 <<l at all frequenciesof interestthe

ratio c/b becomes

c _2 [ 1 + i _saFsa )] A-6
b- -- Cs2 (KII+ Ksa/Tsa) 1 + i _sa/ (Kll+ Ksa/Tsa

where

lJsa= (l+ Tsa)/Qes

and C_sa= "_sa

2 )-ICs - (Ks Pes_2

Note,if ks : l, then Qei- 0 and thereis no inertialcoupling._

<< l and
Forflexible,porousblankets, Tsa_

= >>= '
•whichreduces•to

{1 -_aPo) << l

an inequality that is almost identical with the inequality in Eq. 13 and

hence easily satisfied. Thus, from A-1
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2
2 c m {I +i "

re - b 2 - @e/WOe)
A-7

C
e

= 2 (K1 +K a)where Ce2 Cs 1 sa/Tsa)

Pe : Pa +- b)
and: Pa Qes2 + 1 A-8

@e : @_Qes2 " i)_ + 2 Pa _= @_Qes2 )c)\Q_s2 + Pes! \Qes2 +

since pa/Pe s < < 1 •

Pa Qes2 _-At high frequencies _ >> l and Pe Pa while at low' Pest)

frequencies,i.e Qes._< <l, the effectivedensityof air in the pores

of the material is Pa + Pes indicatingthat the motion of the air

particlesand the fibers are tightly coupledtogetherand move as one

entity.

It also is interestingto note that an equivalentquality factor Qe

can be defined as

Qe= mPe = Qa (I + Pes l 2 ) A-9
@e Pa Qes

which can be approximatedby Qa only on the added assumptionthat

Qes2 >:> Pes/Pa. This impliesthat any empiricalanalysis based upon a

single descriptorlike Qa must be justifiedcarefullyand likelyto have

limitedapplicabilityespeciallywith regard to frequencyrange, most likely

high frequencies.
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2
At low frequencies @e= @Qes for flexible, porous blankets

indicating that the dynamic resistance is very low and varies with the
2

square of the frequency while at high frequencies, where Qes > >I'

@e becomes identical with the specific air flow resistance @ since

no energy dissipation in the fibers has been taken into account. This result

does not imply that @ is always independent of frequency, however. These

formulas agree fairly well with Beranek's expressions (4) if Pe _ replaces

the equivalent density<pl > in his work.

The other extreme where Ksa<< 1 obtains for rigid porous tile or rigid

fibrous boards. In that case

2= b - m 1 Tsa _ KII + Ksa 1
?e

Ca2 Tsa KII Tsa + Ksa

which is of the desired form. One then readily identifies

Pe = Pa(KII + Ksa/ Tsa)

or

Pa \_-_-/ Pa] a-ll

which is a ratio that is sometimes called a structure factor and probably

" fairly independent of frequency. This result was verified by Beranek for
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wire screenmesh but not for commercialtiles due to their inherent

inhomogeneity. However,the behaviorof Ks with frequencyfor rigid tile

materialsand rigid fibrousboard is not known. If the air motion is

isothermal(at very low frequencies)

Pe = Po ks/_

for R = 1 and ks, _4 independentof the value of Ks . Thus at low

frequenciesPe : Pa the apparent densityof the air of the pores. Hence, the

frequencybehavior of Pe for flexibleblankets and rigid board is quite

different.

The equivalentdynamicresistancefor rigid board is

_Ks

@e = @ (KII + K---_) A'I2

There is no apparent frequencyvariationin @e for rigid board either.

The second term _KS/Ka o < < Kll at all frequencies. However,•Beranek

found that @e decreasedwith frequencyat sufficientlyhigh frequenciesfor

reasons unknown. At low frequencieshe showed experimentallythat Be = $ for

fine wire mesh screen. This suggests that Eq. A-12 is a low frequencyformula

and hence not valid over a Wide range of frequencies. It might be concludedthat

rigid screens can become acousticallyflexibleat high frequenciesand are stiff

only at low frequencies.This matter bears more carefulstudy and perhaps a

reformulationof the dynamicalequationsof motion is in order to account for

material stiffness. One possibilitybased on a casualobservationof cross

coupling terms in Eq. 10 is that no dynamicstiffnesscross coupling terms

appear,i.e. _12 = a21 = 0 in the couplingmatrix. Perhapssuch coupling
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terms should be included in order to develop a more complete theory applicable

to a wide variety of porous materials and valid over wide ranges of

frequency.' The theory as developed by Zwikker and Koster does appear, therefore,

to be applicable to highly porous, flexible materials and rigid porous

materials over a limited range of frequencies. Hence, it has limited

applicability in so far as engineering design of materials is concerned. One

would desire to be able to predict both the real and imaginary parts of Za/PoCo

and specify them in terms of material parameters at all frequencies of

concern.

In the theory of Zwikker and Kosten knowledge of the frequency behavior

of _Ks/Ka appears essential and should not be limited to predictions of unper

and lower bounds. This is an area that deserves more study.

Finally, Eq. A-I as here formulated could provide the basis for a more

systemmatic parametric analysis of a wide range of porous materials including

flexible blankets, ground cover, and stiff tile. This also is an area that

deserves more study. For example, it is not known whether the inequality

of A-2 is valid for various types of porous ground but it appears to be easily

satisfied for a wide variety of commercial materials designed as good absorbers.
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APPENDIXB

FUNDAHENTALEQUATIONSOF MOTION

In this appendix the fundamental equations of Zwikker and Kosten (2)

will be recast into the form employed in the text of their report. In an

elastic porous solid containing air the equations of motion in the elastic

frame are given as

@xPl_ Pi _vl + s (Vl - _2) a)
and _t

BPl _ K1 (I -h )._P2 b)t B-_- - h @---t

and in the air of the pore space as B-I

P2 _ _ _2 c)

and @x P2 _ + s (_2 - Vl )

P2 Bv2 @Vl d)

Bt - h K2-_t + (I - h) (K2 - Po) Bx

where the parameters Pl _ P2' KI' K2' h and s are defined on page 52

in Zwikker and Kosten. In their work Pl is the force per unit area of cross-

section of the sample acting as the frame, Vl is the mean velocity of

the frame, P2 is the excess force per unit area of cross-section of

the sample acting on the air, and v2 is the mean velocity of the

air in the frame.

For convenience the Eqs. of B-I are recast in operational notation as

_PIBx: {[Pl + P2(ks - l )]_t +h2O}_l - [P2(ks- l)_t +h2c_]_2 a)

B-2

_Pl _ _K + (I h)2 _I B_2Bt 1 ('c2- Po)] -_-x + (I -h)K 2 Bx b)
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aP2
at-(P2ks_ +h2°)_2-[p2(ks-I)_ +h2_]_I c)

aP2._ av2 aVl
at h K2 _+ (l - h) (K2 - Po) _ d)

after substitutingfor the couplingcoefficients.

In order to write the parametersand variablesin a more common

notationdefine:

h = _ o = @

Pl = (l -R) Ps Pl = (l -R) Ps
B-3

P2 = _ Pa P2 = QPo

v2 = I/Q Va K2 = I/ma

v I = vs K1 = I/K s

Here Ps is interpretedas the dynamicpressureof the solid frame, Pa

is the acousticexcess pressurein the air pores, _s is the mean velocity

of the frame, and v is the particlevelocityof the sound waves in the aira

pores.

By assuming harmonicexcitattionat an angular frequency w and propagation

of elastic and sound waves in the x-directionaccordingto the convention

exp [-i(Fx - cot)] Eq. B-2 can be expressedas

r P = _ (coPes + i @) Vs - ( coPei + i @) Va a)f2 s

• coKs (I - Q) Ps = KII r Vs + KI2 I_ Va b)

B-4

I"Pa = (coPa+ i @) Va - f_(coPei+ i@ ) Vs c)

and

+ r Vs d)coKa R Pa: K22 F Va K21
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where Ps' Pa' Vs and Va are complex amplitudes and the parameters

are defined in the text.
_' Pes' Pei' Pa' KII_ KI2' K22' and K21

It is worthwhile noting that Eqs. B-I (b) and (d), the equations of

continuity, have been criticized and reformulated on various grounds (17)

Also, the definitions of Pl and P2 render these equations invalid (18). J

The upshot of this matter is to simply remove the term PoKa" from

the dilatational coefficients KII and K21 in Eqs. 5b and 6b of the text.

However, for highly porous frames considered in this report this procedure does not

appear to be a significant change and it was decided to leave the definitions

of Zwikker and Kosten intact. If the basic equations are reformulated for

precision design purposes then such refinements may be warranted.
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Kevlar29 Kevlar29 Scottfoam

low • high • open-cell
- Parameter Type Type Type

" (1)(cgsrayls) 46.4 79.4 18

ks 2.1 3.2 2.1

f_ .940 .938 .950

Ka l l l
high frequenc3 - _ -
•value Po Po_ Po

Ps (g/cm3) 1.44 1.44 0.60

Pes/Pa 38 25 13

d(cm.,_ 1.3 x lO-3 "" 1.3 x lO-3 2.1 x lO-3

TableI. Mechanicaland AcousticParametersof TestSamples.
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FIGURELEGEND

Ca r a = B +iA versusFigure I,. Plots of the normalized propagation constant_

Qes for Kevlar 29 based on p^s/p a = 38, The subscript 1 refers
to coupled wave motion and t_e subscript 2 refers to decoupled
wave motion,

Figure2a. Plot of the normalizedresistance Ra/poCofor low .¢ Kevlar 29

based on p=s/p_: 38 and Ifk/_ : 1.3. The subscript1 refers
to coupled_ave_motionand the subscript2 refers to decoupled
motion

Figure 2b. Plot of the normalizedreactance -Xa/p_Co for low @ Kevlar 29
based on P_/Pa : 38 and _k/_ : I._. The subscript1 refers
to couple@Ave motion and the subscript2 referesto decoupled
motion.

Figure 3. Plot of Ra/PoCoversus Qa employing_y_/_ as a parameterfor
decoupled-motion.

Figure 4. Plot of -Xa/poCo versus Qa employing I/_ as a parameter
for decoupledmotion.

Figure 5. Plot of normal incidencesound absorptioncoefficient _a versus
Qa employing%/_'/Q as a parameterfor decoupledmotion.

•Figure 6. Plots of R./p_co versus Q_ for low ¢ Kevlarbased on parameters
in Table I. _di_baticbulk moaulus is shown for high frequencies.
Experimentaldata shown for frequencyrange from 300 to 3000 Hz.

Figure 7. Plot of -Xa/p_co versus Qa for low @ Kevlarbased on parameters
in Table I. Experimentaldata shown for frequencyrange from
300 to 3000 Hz.

Figure 8. Plot of Ra/PoC° versus Qa for high ¢ Kevlar based on datain Table I.

Figure 9. Plot of -Xa/poCo versus Qa for high ¢ Kevlar based on parameters
in Table I.

Figure lO. Plot of R./poCo versus Qa for Scottfoambased on parameters
in Table I, aExperimentaidata for frequencyrange from 500 to 3500 Hz.

Figure II. Plot of -Xa!poCo versus Qa for scottfoambased on parametersin
Table I,

Figure 12. Normal incidencesound absorptioncharacteristicsfor Scottfoam,low
Kevlar 29, and high ¢ Kevlar 29.
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Figure2b. Normalizedacousticreactancefor Kevlar29,X! - coupledmotion,×2 - decoupledmotion.
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Figure3.- Resistiveparametriccurvesfor decoupledwave motion.
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Figure 4.- Reactive parametric curves for decoup]ed wave motion.
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Figure5.-Absorptionparametriccurvesfor decoupledwavemotion.



Figure 6.- Comparisonsof the normalizedacousticresistancefor low @ Kevlar sample.
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Figure7.- Comparisonsof the normalizedacousticreactancefor low @ Kevlarsample.
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Figure8.- Comparisonsof thenormalizedacousticresistancefor high ¢ Kevlarsample.
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